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97 Lisburn Road, Belfast, BT9 7BL, Northern Ireland, UK. MEA also at: Centre for Invasion Biology, Dept of Botany and Zoology, 
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 Studies of trait-mediated indirect interactions (TMIIs) typically focus on eff ects higher predators have on per capita 
consumption by intermediate consumers of a third, basal prey resource. TMIIs are usually evidenced by changes in 
feeding rates of intermediate consumers and/or diff erences in densities of this third species. However, understanding and 
predicting eff ects of TMIIs on population stability of such basal species requires examination of the type and magnitude 
of the functional responses exhibited towards them. Here, in a marine intertidal system consisting of a higher-order fi sh 
predator, the shanny  Lipophrys pholis, an intermediate predator, the amphipod  Echinogammarus marinus , and a basal prey 
resource, the isopod  Jaera nordmanni, we detected TMIIs, demonstrating the importance of habitat complexity in such 
interactions, by deriving functional responses and exploring consequences for prey population stability.  Echinogammarus 
marinus reacted to fi sh predator diet cues by reducing activity, a typical anti-predator response, but did not alter habitat 
use. Basal prey,  Jaera nordmanni , did not respond to fi sh diet cues with respect to activity, distribution or aggregation 
behaviour.  Echinogammarus marinus exhibited type II functional responses towards  J. nordmanni in simple habitat, but 
type III functional responses in complex habitat. However, while predator cue decreased the magnitude of the type II 
functional response in simple habitat, it increased the magnitude of the type III functional response in complex habitat. 
Th ese fi ndings indicate that, in simple habitats, TMIIs may drive down consumption rates within type II responses, however, 
this interaction may remain de-stabilising for prey populations. Conversely, in complex habitats, TMIIs may strengthen 
regulatory infl uences of intermediate consumers on prey populations, whilst potentially maintaining prey population 
stability. We thus highlight that TMIIs can have unexpected and complex ramifi cations throughout communities, but can 
be unravelled by considering eff ects on intermediate predator functional response types and magnitudes. 
 Predation is a key factor in the structuring and functioning 
of ecological communities (Dayton 1971, Paine 1980). In 
addition to the well-documented direct eff ects of predation 
that occur through reductions of prey abundance and/
or biomass (Connell 1972, Paine 1980), higher predators 
can impart indirect eff ects on basal populations by altering 
how an intermediate predator interacts with its prey 
(Werner and Peacor 2003). Th is may arise through density 
eff ects when top predators reduce the foraging of inter-
mediate predators by consuming them, that is, density-
mediated indirect interactions (DMIIs; Abrams 1995, 
Abrams et  al. 1996). Predators may also induce changes in 
prey phenotypes that modify their per capita predation on a 
third prey species and such trait-mediated indirect interac-
tions (TMIIs) are known for a range of phenotypic responses, 
which may be developmental, morphological or behavioural 
(Abrams et  al. 1996, Werner and Peacor 2003). Evidence is 
accumulating that TMIIs have signifi cant eff ects on the 
dynamics of ecological communities and have been demon-
strated to be as strong, if not stronger, than DMIIs due to 
their immediacy, infl uence over entire populations and 
occurrence over the full life history of the species involved 
(Peacor and Werner 2001, Trussell et  al. 2004, 2008). 
 Studies of TMIIs have typically investigated changes in 
per capita consumption by an intermediate species of a 
resource and the infl uence this has on community structure 
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Higher-order predators and habitat complexity can infl uence behaviour of intermediate species, affecting their 
consumption of prey through trait-mediated indirect interactions (TMIIs). However, it is not clear how these 
 factors interact to determine prey population stability. Using functional responses (FRs), relating predator 
consumption to prey density, we detected TMIIs in a marine system. In simple habitats, TMIIs reduced consump-
tion rates, but FRs remained de-stabilising for prey populations. In complex habitats, TMIIs strengthened prey 
regulation with population stabilizing FRs. We thus demonstrate that FRs can assess interactions of environmental 
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(reviewed by Werner and Peacor 2003, Schmitz et  al. 2004). 
While such studies have been immensely important in 
refi ning our understanding of how indirect interactions 
operate in such a structuring context, there has been less 
focus on the consequences for predator – prey population 
dynamics. A common method of measuring feeding capa-
bility and elucidating predator eff ects on prey population 
stability is the quantifi cation of the  ‘ functional response ’ 
(Eggleston 1990, Eggleston et  al. 1992, Taylor and Collie 
2003, Ward et  al. 2008). Th e functional response of a 
predator describes the relationship between prey density 
and consumption rate (Holling 1959) and, owing to poten-
tial diff erences in their contribution to prey population 
stability, distinguishing among the diff erent types (I, II, III) 
of this relationship is important (Hassell et  al. 1977). In the 
inversely density-dependent type II functional response, 
the risk of mortality increases with decreasing prey density 
(Hassell 1978). Th is is in contrast to a sigmoidal, density-
dependent type III functional response, where a change 
from an increasing to decreasing risk of mortality occurs 
as prey density declines below a threshold level (Hassell 
1978), providing prey a low density refuge that may impart 
stability to the predator – prey dynamics (Murdoch and 
Oaten 1975). Counter to the traditional view, functional 
responses are not fi xed for predator–prey species pairs and 
certain situations may signifi cantly alter the form of the 
response, resulting in a change from a type II to a type III 
response or vice versa. For example, adaptive behaviours 
whereby the predator varies the proportion of time spent 
foraging can provide a mechanism for changes in response 
type (Abrams 1982). In addition, it is well established that 
a number of environmental variables can result in changes 
to functional responses, such as alterations in temperature 
and light levels (Lipcius and Hines 1986, Koski and John-
son 2002). Habitat structure is a further potential infl uence 
in predator – prey interactions that not only alters the func-
tional response by inhibiting a predator ’ s search ability 
(Savino and Stein 1989, Heck and Crowder 1991) but may 
also provide prey with physical refuge space (Gotceitas 
1990, Warfe and Barmuta 2004). Here, we investigate the 
impact that TMIIs may have on community dynamics 
through their ability to cause changes to the type and mag-
nitude of functional responses of an intermediate predator 
in simple and complex habitat, with potential consequences 
for the stability of a basal prey population. 
 TMIIs have typically been demonstrated by presenting 
intermediate species with a cue indicating higher predator 
presence (Werner and Peacor 2003), and aquatic habitats 
off er an ideal system for this as prey traits can be induced 
to alter by exposure to waterborne predator cues. Prey are 
often able to detect various predator cues ranging from 
kairomones (Dodson et  al. 1994) and disturbance cues 
(Chivers and Smith 1998) to alarm substances that may 
be released during predation events (Chivers and Smith 
1998). Related to alarm substances are  ‘ dietary cues ’ which 
are released from the predator upon consumption of 
the prey (Wisenden 2000) and these have been shown to 
alert prey to the presence of an actively feeding predator, 
even if this predator species has never been encountered 
before (Chivers et  al. 1996). In this study, we utilise a dietary 
cue from a higher predator and examine the eff ects this has 
on the behaviour of an intermediate prey species as quanti-
fi ed by its functional responses towards a third species. 
 On marine rocky intertidal shores, recognition of the 
predatory role of amphipods is emerging (Ingolfsson 
and Agnarsson 1999). In particular, the littoral amphipod 
 Echinogammarus marinus, a species that lives in simple 
and complex habitat, such as on mud covered in seaweed 
and among boulders and stones (Maranh ã o and Marques 
2003), consumes a range of prey species (Dick et  al. 
2005) and shows predatory functional responses (Alexan-
der et  al. 2012). With a number of species of amphipods 
observed to have a major structuring eff ect on macroalgal 
communities (Brawley and Adey 1981, Duff y and Hay 
2000), it is therefore considered that they may also impose 
such structuring eff ects on invertebrate communities. 
Amphipods such as  E. marinus also constitute an impor-
tant part of higher predator diets, such as fi sh and shore-
birds (Monteiro et  al. 2005), and studies in freshwater 
systems have demonstrated that a number of gammarid 
species alter their behaviour and activities in the presence 
of predators (Wisenden et  al. 1999, Baumg ä rtner et  al. 
2003). Further to this, the role of amphipods in density- 
and trait-mediated eff ects has been documented with 
respect to changes in their grazing pressure (P é rez-Matus 
and Shima 2010). With this in mind, we investigated the 
occurrence of a TMII in response to diet cues signalling 
predation risk from a fi sh predator,  Lipophyrus pholis , 
and whether this altered the functional responses of 
E. marinus towards its own prey, the isopod  Jaera nordmanni . 
 In this study, we fi rst establish whether  E. marinus is 
capable of detecting predator presence through water borne 
diet cues by examining activity levels and habitat use before 
and after cue exposure. As invertebrate prey generally 
respond to vertebrate predation risk by reducing their activ-
ity (Sih and Wooster 1994), we predict signifi cant reduc-
tions in activity in the presence of relevant predation-related 
odours. A consideration in the study of TMIIs must be 
whether the basal prey resource is also able to detect and 
subsequently respond to the higher order predator-cues. 
Th is is important to establish, as it will inform whether high-
er-order predator eff ects propagated through a system are the 
result of changes to intermediate predator behaviour alone or 
are wholly or partially the result of responses by basal prey. We 
test this by investigating the eff ect of higher-order diet cues on 
the activity, distribution and aggregative behaviour of the basal 
prey resource  J. nordmanni. Th en, through a series of func-
tional res ponse experiments in both simple and complex hab-
itats, we examine whether higher predator detection by  E. 
marinus results in a TMII on the basal prey. Finally, we discuss 
potential consequences of the observed interactions for prey 
population stability as indicated by diff erences in functional 
response types and magnitudes. 
 Methods 
 Collection and maintenance of experimental 
organisms 
 Shannies  Lipophrys pholis (1086    34 mm mean body 
length   SE; 20 individuals), amphipods  Echinogammarus 
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marinus (10 – 13 mm) and isopods  Jaera nordmanni (2 – 3 
mm) were collected from  ‘ Walter ’ s Shore ’ at Portaferry, 
Northern Ireland (54 ° 22 ′ 95 ″ N, 5 ° 33 ′ 3 ″ W), from 
September to November 2011. Th ese were transported to 
Queen ’ s University Belfast and housed separately in aerated, 
fi ltered seawater with algae and fi sh food pellets at 12 ° C 
and 12:12 hrs light:dark for 48 h before use in experiments. 
 Echinogammarus marinus are more active nocturnally and 
thus in the fi rst experiment they were subject to reversed 
light regimes, allowing observations during the day but in 
the dark under red light. We did not discriminate between 
male and female  E. marinus as we showed previously that, 
when of the same body size, the sexes do not diff er in 
predatory rates (Alexander et  al. 2012). Th e reactions of 
 E. marinus and  J. nordmanni to higher-order predators and 
the eff ects on  E. marinus predatory functional responses 
in diff erent habitats were investigated in six experiments. 
 Experiment 1: diet cues and  E. marinus activity 
 Th e capability of  E. marinus in detecting predator presence 
through water borne diet cues was tested by examining 
activity levels before and after exposure to chemical cues 
derived from six sources: 1) crushed  E. marinus ; 2) fi sh fed 
live  E. marinus ; 3) fi sh fed bloodworms; 4) fi sh fed algae; 
5) starved fi sh; and 6) fi ltered seawater (control). Fish 
were randomly selected from holding tanks and held in 
aquaria (32    16    18 cm) with 1.5 l aerated, fi ltered seawa-
ter and fed their allocated diet daily for fi ve days. In 1), six 
 E. marinus were crushed with a mortar and pestle and 
diluted in 100 ml fi ltered seawater; in 2), 3) and 4), fi sh were 
fed 10 live  E. marinus , 2.5g defrosted bloodworms or 1 g wet 
mass of the seaweed  Ulva lactuca , respectively . Starved 
fi sh were exposed to similar levels of disturbance at the 
others ’ feed times. Th e quantities of food provided were 
suffi  cient such that fi sh were satiated. Fish were then placed 
in cue collection tanks with 1.5 l aerated, fi ltered seawater 
and held for two days without food. Cue water was then 
removed as required for behaviour trials. When required, 
around 50 ml of cue water was passed through fi lter paper 
to remove particulates and drawn into a syringe connected 
to airline tubing for addition to test arenas. 
 In behavioural tests, individual E. marinus were placed in 
perspex dishes that were 8    the body length of the individual 
(12 cm diameter, 200 ml fi ltered seawater) with a line drawn 
across the bottom and acclimatised for 40 min. Th e number of 
line crosses was then recorded in each of two 5-min observa-
tion periods separated by a 1-min interval during which the 50 
ml of stimulus (resulting in seawater:cue volume ratio of 4:1) 
was added (n    16 per experimental group 1 – 6 above). Mean 
number of line crosses by individual  E. marinus was examined 
pre- and post-cue addition for each cue type with paired t-tests. 
Analyses were performed on raw, untransformed data that were 
normally distributed (Shapiro – Wilks W-test, p    0.05) with 
homo genous variances (Fligner – Killeen test, p    0.05). 
 Experiment 2:  E. marinus distribution in complex 
habitat 
 A change in habitat use by  E. marinus in response to preda-
tor presence was examined before and after cue exposure. 
Experimental arenas were one half of a plastic petri dish 
(9 cm diameter) secured with aquaria sealant onto a backing 
piece of plastic and held vertically (Fig. 1). Th e side of the 
petri dish was marked at intervals designating levels 1, 2 
and 3 (top, middle and bottom of vertical petri dish, 
respectively) that were scaled such that each level was 
approximately 10 cm 3 . Each arena contained 40 ml fi ltered 
seawater and 20 stones (10 mm length). An individual 
 E. marinus was added to the arena and allowed to acclimate 
for 15 min before the addition of cue. Stimuli here was 
either 10 ml of water from fi sh fed  E. marinus (generated as 
before, n    16) or seawater (control, n    16). After one hour 
the location (i.e. level 1, 2 or 3) of each  E. marinus was 
recorded. We used a 2    3  χ 2 -test to examine any diff erences 
in distribution with respect to cue type. 
 Experiment 3: diet cues and  J. nordmanni activity 
 Changes in the activity levels of  J. nordmanni were tested 
in response to cues from fi sh fed with  E. marinus 
(generated as before) or a seawater control. Individual 
 J. nordmanni were placed in perspex dishes (2.5 cm 
diameter, 5 ml fi ltered seawater) with a line drawn across 
the bottom and acclimatised for 40 min. Th e size of the 
arenas and volume of cue were scaled as before such 
that they were comparable with experiment 1 (dish 
diameter    8    J. nordmanni body length, seawater:cue 
volume    4:1). Th e number of line crosses was then 
recorded in each of two 5-min observation periods sepa-
rated by a 1-min interval during which 1.25 ml of either 
fi sh cue or seawater was added (n    16 in each cue treat-
ment). Mean number of line crosses by the  J. nordmanni 
was examined pre- and post-cue addition for each cue 
type with paired t-tests. Analyses were performed on raw, 
untransformed data that were normally distributed 
(Shapiro – Wilks W-test, p    0.05) with homogenous 





 Figure 1. Schematic diagram (side view) of experimental arena 
used in experiment 2 and 4. Level 1, 2 and 3 were scaled such that 
each was approximately 10 cm 3 . 
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prey consumption examined after 16 h. Controls were three 
replicates of each prey density for each experimental group 
without  E. marinus present in order to examine whether 
deaths of  J. nordmanni in the experiments could be attri-
buted to factors other than consumption by  E. marinus . 
 Functional response analyses 
 Th ere are numerous modelling approaches to the assess-
ment of functional responses and choice of model may 
depend on whether a particular study is mechanistic or 
phenomenological in approach (Jeschke et  al. 2002). Th us, 
the mechanistic application of parameters such as attack 
rate and handling time must be approached with caution, or 
be supported with empirical measurements of parameter 
estimates (Caldow and Furness 2001, Jeschke et  al. 2002, 
Jeschke and Hohberg 2008). Phenomenological use of 
these parameters does, however, provide a tool to examine 
diff erences in functional response types and parameter esti-
mates in comparative or factorial experiments and this is 
the approach taken here (see also Alexander et  al. 2012, 
Dick et  al. 2013). We modelled functional responses in R (R 
Development Core Team). Logistic regression of the 
proportion of prey killed as a function of prey density was 
used to distinguish between type II and III functional 
responses (Trexler et  al. 1998, Juliano 2001). A signifi cantly 
negative fi rst order term (i.e. signifi cantly less than zero) 
indicates a type II response, whereas a signifi cantly positive 
fi rst order term (i.e. signifi cantly greater than zero), followed 
by a signifi cantly negative second order term (i.e. signifi -
cantly less than zero), indicates a type III response (Juliano 
2001). With type II functional responses, the  ‘ random 
predator equation ’ (Rogers 1972) was fi tted (Juliano 2001); 
 N e    N 0 (1   exp ( a ( N e h    T  ))) (1) 
 where  N e is the number of prey eaten,  N 0 is the initial density 
of prey,  a is the attack constant,  h is the handling time and 
 T is the total time available. Maximum feeding rate was 
estimated as 1/ hT . 
 Equation 1 models a type II functional response that 
assumes both attack rate  a and handling time  h remain con-
stant at all prey densities, however, when the attack rate is 
considered as a function of prey density, the type III response 
can be modelled. In the most general form,  a is a hyperbolic 
function of  N 0 (Juliano 2001); 
 a    ( d    bN 0 )/(1    cN 0 ) (2) 
 where  b, c and  d are constants. In type II functional responses, 
 b    0 and  c, d    0 (Juliano 2001). Substituting Eq. 2 into 
the Rogers random predator equation allows the type III 
functional response to be modelled (Hassell et  al. 1977); 
 N e    N 0 (1   exp (( d    bN o ) ( hN e   T)/(1    cN 0 ))) (3) 
 Th e type II random predator equation and the type III 
using Hassell ’ s model were fi tted using non-linear least 
squares regression (Bolker 2010). Further, owing to the 
implicit nature of the functional response equations applied 
here, the Lambert W function was implemented to fi t the 
models to the data (Bolker 2008). 
 Experiment 4:  J. nordmanni distribution in complex 
habitats 
 Changes in the vertical distribution of  J. nordmanni were 
tested in response to predator chemical cues. Experimental 
arenas and methods were as for experiment 2 (Fig. 1), 
but with the addition of 20  J. nordmanni individuals, allowed 
to distribute for 15 minutes before the addition of 10ml of 
cue (seawater:cue volume was 4:1). Cue was either water 
from fi sh fed  E. marinus (generated as before) or seawater 
control (n    16 each group). After 1 hour exposure to cue, 
the number of  J. nordmanni at each level was recorded. 
Mean proportion of  J. nordmanni (arcsine transformed; 
Sokal and Rohlf 1995) recorded in each level was examined 
with respect to  ‘ cue ’ (fi sh cue, seawater) and  ‘ level ’ (1, 2, 3) 
in a two-factor ANOVA, with the latter factor treated as 
a repeated measure, and Tukey ’ s HSD post hoc tests. 
 Experiment 5: diet cues and  J. nordmanni 
aggregation 
 Th e eff ect of predator cue was tested on aggregation 
behaviour of  J. nordmanni . Twenty  J. nordmanni were added 
to the centre of petri dishes (9 cm diameter, 40 ml seawater) 
that were placed on top of graph paper marked with 2 mm 
squares, and acclimatised for 15 min. Th e number of squares 
occupied by  J. nordmanni was counted before the addition 
of 10 ml cue from fi sh fed  E. marinus (generated as before) 
or seawater control (as with experiments 2 – 4 above; n    16 
each group). After 1 h, the number of squares occupied by 
 J. nordmanni was again counted. Mean number of squares 
occupied was examined with respect to  ‘ cue ’ (fi sh cue, 
seawater) and  ‘ time ’ (pre-, post-cue addition) in a two-
factor ANOVA, the latter as a repeated measure. Analyses 
were performed on raw, untransformed data that were 
normally distributed (Shapiro – Wilks W-test, p    0.05) with 
homogenous variances (Fligner – Killeen test, p    0.05). 
 Experiment 6: diet cue and  E. marinus functional 
responses 
 A series of functional response experiments in both simple 
and complex habitats were performed to examine whether 
higher predator detection by  E. marinus results in a TMII 
on the basal prey. Opaque plastic tubs of 7.5 cm diameter 
were fi lled with 250 ml seawater and either left barren 
( ‘ simple habitat ’ ) or supplied with 60 stones of 10 mm 
length ( ‘ complex habitat ’ ). Individual male  E. marinus were 
starved for 24 h to standardise hunger levels, then presented 
with  J. nordmanni at six prey densities (2, 4, 8, 16, 30, 40; 
n    5 per experimental treatment). Trials were conducted 
in either  ‘ simple ’ or  ‘ complex ’ habitat and either with or 
without predator cue, which was chosen as fi sh fed with 
 E. marinus (see Results, Experiment 1). Each experimental 
tub containing an individual  E. marinus and prey was added 
to a tank either with or without a fi sh. Th e tubs had four 
holes (2 cm diameter covered with mesh of 300  μ m) to allow 
exchange of water and associated predator cues. Fish were 
returned to individual holding tanks and fed 10  E. marinus a 
day for two days before re-use and each fi sh was used no 
more than three times. Trials were initiated at 17:00 h and 
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(Hazlett 1999, Turner and Montgomery 2003), but the 
presence of fi sh that had been fed  E. marinus allowed a con-
tinuous presence of cue in the experiments that did not need 
to be periodically re-administered. 
 Experiment 2:  E. marinus distribution in complex 
habitat 
 Th ere was no signifi cant diff erence in the location of 
 E. marinus with respect to cue type ( χ 2    0.249, DF    2, 
NS). One hour after the addition of seawater cue, 43.7% 
(7/16) of  E. marinus were located at level 1, 31.3% (5/16) at 
level 2, and 25% (4/16) at level 3. One hour after the addi-
tion of fi sh cue, 37.5% (6/16) of  E. marinus were located at 
level 1, 25% (4/16) at level 2, and 37.5% (6/16) at level 3. 
 Experiment 3: diet cues and  J. nordmanni activity 
 Th ere was no diff erence in activity of  Jaera nordmanni 
pre- and post-cue addition for either fi sh cue (t    0.76, 
DF    15, NS) or seawater (t    1.16, DF    15, NS). 
 Experiment 4:  J. nordmanni distribution in complex 
habitats 
 Th ere was no overall signifi cant eff ect of  ‘ cue ’ on the 
mean proportion of  J. nordmanni at each level since there 
were equal numbers across treatments (F 1,90    0.019, NS). 
Th ere was, however, a signifi cant eff ect of  ‘ level ’ 
(F 2,90    144.01, p  	  0.001), since a signifi cantly greater 
proportion of  J. nordmanni were found at level 3 (the 
lowest section) compared to both levels 1 and 2 (all 
p  	  0.001); one hour after the addition of cue (both fi sh 
 As the type II and III models generate estimates of the 
attack parameter  a diff erently, that is, as a constant in the 
type II response and a function of  N o in the type III response, 
we did not compare attack rates between type II and type 
III functional responses. However, we used bootstrapping 
(Alexander et  al. 2012) to generate multiple estimates 
(n    20) of  ‘ handling time ’  h and thus estimated the maxi-
mum feeding rate as 1/ hT . Mean maximum feeding rate 
was then examined with respect to  ‘ predator cue ’ (absent, 
present) and  ‘ habitat complexity ’ (simple, complex) with 
two-factor ANOVA and Tukey ’ s post hoc tests. Data for 
the maximum feeding rate estimate were square-root 
transformed prior to analysis, which although this did 
not normalise the data (Shapiro – Wilks W-test, p  	  0.05), 
resulted in homogeneous variances (Fligner – Killeen test, 
p    0.05). 
 Results 
 Experiment 1: diet cues and  E. marinus activity 
 Th ere were signifi cant reductions in  Echinogammarus 
marinus activity after the addition of cue from crushed 
 E. marinus (t    6.16, DF    15, p  	  0.001), fi sh fed 
 E. marinus (t    3.79, DF    15, p  	  0.01) and fi sh fed blood-
worms (t    2.47, DF    15, p  	  0.05), but no signifi cant 
reductions in activity with cues from fi sh fed algae, starved 
fi sh or seawater (Fig. 2). Although there was a stronger 
response towards crushed  E. marinus than towards cue 
from fi sh fed  E. marinus , we used the latter in the functional 
response study (experiment 6). Th is is because waterborne 
chemical cues may degenerate over the experimental period 




























 Figure 2. Activity of  E. marinus pre- and post- addition of chemical cues. Cr  – crushed  E. marinus , Amp  – fi sh fed  E. marinus , Bw  – 
fi sh fed bloodworm, Alg  – fi sh fed algae, Sta  – starved fi sh, Sw  – seawater control.  ∗ ∗ ∗ p  	  0.001,  ∗ ∗ p  	  0.01,  ∗ p  	  0.05. 
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 Experiment 6: Diet cue and  E. marinus functional 
responses 
 Control  J. nordmanni had high survival in all replicates 
(99 – 100%), thus experimental deaths were attributed to 
consumption by  E. marinus , which was also directly observed. 
In simple habitat,  E. marinus exhibited type II functional 
responses both when fi sh predator cue was absent and 
present (Table 1, Fig. 3a – b), whereas in complex habitat, 
 E. marinus exhibited type III functional responses with 
and without this cue (Table 1, Fig. 3c – d). Mean maximum 
feeding rate 1/ hT was signifi cantly higher in simple as 
compared to complex habitats (F 1,76    498.0, p  	  0.001; 
Fig. 3a – d, 4). While there was no main eff ect of cue 
(F 1,76    1.03, NS), a signifi cant  ‘ habitat   cue ’ interaction 
(F 1,76    109.64, p  	  0.001) results from a signifi cantly lower 
maximum feeding rate when cue was present as compared 
cue and seawater control combined), 14.8% (95/640) of 
J. nordmanni were located at level 1, 17.0% (109/640) at 
level 2, and 68.1% (439/640) at level 3. Th ere was no 
 signifi cant  ‘ cue x level ’ interaction (F 2,90    1.29, NS), 
 indicating that cue type did not alter  J. nordmanni distri-
bution. 
 Experiment 5: diet cues and  J. nordmanni 
aggregation 
 Th ere was no signifi cant eff ect of  ‘ cue ’ on the number of 
squares occupied by  J. nordmanni (F 1,30    0.04, NS), how-
ever, there was a signifi cant eff ect of  ‘ time ’ (F 1,30    166.63, 
p  	  0.001) as fewer squares were occupied post-cue addition. 
Th ere was no signifi cant  ‘ cue   time ’ interaction (F 1,30   
2.65, NS), indicating that cue type (fi sh cue or seawater) 
did not alter  J. nordmanni aggregation. 
 Table 1. Parameter estimates from logistic regression analyses of proportion of prey consumed against initial prey density. Habitat structure 
was either simple or complex, fi sh predator cue was either absent or present; values for the intercept, fi rst-order ( N 0 ) and second-order ( N 
2
0 ) 
terms are presented with p - values. 
Habitat type Predator cue Intercept (p-value)  N 0 (p-value)  N 
2
0 (p-value) Functional response type
Simple absent 1.3684  ( 	  0.0001)   0.1256  ( 	  0.001)  – II
present 2.4123  ( 	  0.0001)   0.2446  ( 	  0.0001)  – II
Complex absent   3.3976  ( 	  0.0001) 0.0945  ( 	  0.05)   0.0027  ( 	  0.05) III
















































































(d) Complex habitat with predator cue
 Figure 3. Functional response of  E. marinus towards  J. nordmanni in simple habitats with fi sh predator cue (a) absent and (b) present 
(as modelled by the Rogers random predator equation for a type II response) and in complex habitats with predator cue (c) absent and 




























 Figure 4. Mean (   SE) maximum feeding rate derived from 
bootstrapping (n    20) for  E. marinus when habitat structure 
was simple and complex in both the absence (light bars) and pres-
ence (dark bars) of a fi sh predator cue. Diff erent letters indicate 
signifi cant diff erences (Tukey ’ s test, p  	  0.001). 
to absent in simple habitat (p  	  0.001, Fig. 4; cf Fig. 3a – b), 
but a signifi cantly higher maximum feeding rate when 
cue was present as compared to absent in complex habitat 
(p  	  0.001, Fig. 4; cf Fig. 3c – d). 
 Discussion 
 Owing to their immediacy, infl uence over entire popula-
tions and occurrence over the full life histories of the spe-
cies involved (Huang and Sih 1991, Peacor and Werner 
2001), the infl uence of trait-mediated indirect interactions 
(TMIIs) and emergent cascades is likely to be strong rela-
tive to density-mediated indirect interactions (DMIIs). 
Th ere is, however, still a limited understanding of how 
TMIIs are shaped by the environment (Luttbeg et  al. 2003, 
Smee and Weissburg 2006, Werner and Peacor 2006). 
Here, we show that habitat complexity and predator-
induced modifi cations in the behaviour of intermediate 
species interact to infl uence predator–prey dynamics 
with potential consequences for the stability of basal 
invertebrate prey populations.  Echinogammarus marinus is 
able to detect and discriminate among diet-specifi c higher-
order predatory fi sh cues, as indicated by decreases in 
activity levels on exposure to such stimuli, as is the general 
response of invertebrate prey to predation risk from 
vertebrate predators (Sih and Wooster 1994). Importantly, 
when this response was examined within the context of a 
predator-prey hierarchy, it was found that the observed 
changes in activity were transmitted to  J. nordmanni , 
the basal prey resource, through trait-mediated eff ects 
that altered the strengths of the functional response of 
 E. marinus towards this prey resource. Further, we 
showed that this eff ect was not likely due to the basal prey 
 J. nordmanni reacting to higher-order predator cues, since 
it did not respond to those cues with any changes in activ-
ity level, distribution or aggregation behaviour. Th erefore, 
we have demonstrated a true TMII, as defi ned by Abrams 
(1995). Typically, the indirect eff ects of higher-order 
predators on basal prey resources, through alterations to 
intermediate predator phenotypes, have been evaluated via 
quantifying resource consumption as well as diff erences in 
fi eld densities with and without higher order predators 
(Trussell et  al. 2002, Smee and Weissburg 2006, Persson 
et  al. 2008). Th e present study is therefore unique in relat-
ing the occurrence of such indirect interactions to prey 
population dynamics by means of quantifying predatory 
functional responses within an environmental context. 
 Th e form of the observed predator – prey interaction 
was dependent on the presence of habitat complexity, with a 
type II functional response in simple habitat, but type III in 
complex habitat and, in the latter habitat, higher handling 
times and thus lower maximum feeding rates (Lipcius and 
Hines 1986, Buckel and Stoner 2000, Kushner and Hovel 
2006, Alexander et  al. 2012). Th e importance of such a 
change from a type II to a type III functional response lies in 
the contributions each may make to the stability of the 
predator – prey dynamic. Th us, we might expect type II 
responses, as observed in the simple habitat treatment, to be 
potentially de-stabilising towards prey populations, due to 
the increased risk of mortality to prey at low densities. In 
such instances, prey populations may be driven to local 
extinction (Taylor and Collie 2003, Rindone and Eggleston 
2011). Th is is in contrast to a type III functional response, 
as observed in our complex habitat, which may allow prey to 
persist due to reduced consumption by the predator at low 
prey densities, and therefore, over certain density ranges of 
prey, this may impart stability to the system (Seitz et  al. 
2001, Wennhage 2002). 
 Diff erences in the magnitudes of the functional 
responses and estimates of the maximum feeding rates 
generated by our models were driven by interactions 
between habitat complexity and the presence or absence of 
predator cue. Th at is, predator cue decreased the magni-
tude of the type II functional response in the simple habi-
tat, but increased the magnitude of the type III functional 
response in complex habitat. We caution, however, that 
derived functional response parameters are merely describ-
ing the curves and not actual predatory behaviour, and 
here we interpret them comparatively and not mechanisti-
cally (Jeschke et  al. 2002). Th ere was an increase in han-
dling time,  h , in simple habitats when cue was present as 
compared to absent and thus a reduction in maximum 
feeding rate. Th is might be expected owing to reduced 
movements of  E. marinus under perceived predation threat 
resulting in a decrease in foraging eff ort and prey encoun-
ter rates. Indeed, this is in line with model predictions of 
adaptive behaviour that foraging activity should be lower 
with increased risk of mortality (Abrams 1993, Werner 
and Anholt 1993). Th ere was, however, an increase in 
maximum feeding rate as a result of a decrease in handling 
times in complex habitats when predator cue was present. 
Th is observed increase in the magnitude of the type III 
functional response in the complex habitat when higher 
order predator cues were present is perhaps not intuitive, 
however, there are a number of potential and interacting 
explanations. 
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predation. It is generally considered that invertebrate prey 
reduce their activity in response to vertebrate predator 
presence and that this is regarded as an eff ective anti-
predatory response (Laurila et  al. 2004). An important fur-
ther consideration in experiments investigating TMIIs is to 
assess the response of the basal prey to the higher-
order predator cues. Here, we examined the responses of 
 J. nordmanni to the addition of predatory fi sh cue compared 
to a seawater control with respect to their activity and 
aggregation in simple habitats, as well as their vertical distri-
bution in complex habitats. We found that cue addition 
had no eff ect on the behaviour of  J. nordmanni and we are 
therefore confi dent that results from the functional response 
experiments were not the result of  J. nordmanni reacting to 
the presence of predatory fi sh cues, but from indirect eff ects 
relating to changes in the behaviour of the intermediate 
predator,  E. marinus . Notable, however, was the inclination 
of  J. nordmanni to bury to the lowest level in the habitat 
cross section experiment, however, this did not diff er in 
cue treatments and is consistent with a species that shelters 
on the under sides of rocks and burrows for protection 
(Naylor et  al. 1961). 
 Th e cost of failing to avoid a predator can be high (Lima 
and Dill 1990), thus prey animals should display strong 
anti-predator responses to predators that pose an immediate 
or consistent threat. Needless responses to predators may be 
wasteful of time and energy and therefore maladaptive 
(DeWitt et  al. 1998). Many prey animals avoid such costs 
by appearing to use dietary cues to distinguish between risks 
(Chivers et  al. 1996, Mirza and Chivers 2001, Griffi  ths 
and Richardson 2006), thereby reducing the costs associ-
ated with unnecessary reaction. In aquatic systems, this 
allows prey animals to react to a wide range of threats with-
out the need for predator learning, as there is no need to 
retain information about all potential predators (Roberts 
and Garcia de Leaniz 2011). Further, as diet cues reveal 
information from the last meal of a predator, prey can deter-
mine threats from seasonal or novel predators (Roberts and 
Garcia de Leaniz 2011). Th e higher-order fi sh predator used 
in the current study,  Lipophrys pholis, is omnivorous and 
through gut content analysis has been shown to feed on a 
variety of food types, with amphipods and other small 
crustaceans constituting a signifi cant proportion of their 
diet (Monteiro et  al. 2005). Although  E. marinus did not 
react to either an algal diet cue or starved-fi sh cue, the 
reaction to both animal diets seems logical given the non-
selective predatory behaviours of the fi sh. Th e strength of 
such a response may also be dependent on the environment, 
and prey perception of predators can be altered by both 
physical and chemical forces (Large et  al 2011, Smee and 
Weissburg 2006). Indeed, we have shown that habitat com-
plexity interacted with predator cue to result in diff erent 
eff ects on the basal prey as measured through functional 
responses within the context of a TMII. In intertidal areas, 
however, there is a high degree of disturbance whereby water 
fl ow and turbidity are aff ected by abiotic processes such 
as tidal regimes (Dayton 1971). When such disturbance is 
increased, variations may occur in the strength of TMIIs 
as a result of alterations in the sensory ability by intermedi-
ate predators (Weissburg and Zimmer-Faust 1993). In 
simple habitats, for example, we may expect increased dis-
 First, we found that the highest proportion of  J. nordmanni 
occurred at the lowest part of the experimental arenas, both 
in the absence and presence of higher predator cue, which 
corresponded with a higher proportion (albeit statistically 
non-signifi cant) of  E. marinus in the same location when 
predator cue was present. Th us, the presence of predator 
cue in the subsequent functional response experiments 
involving complex habitat may have driven more individual 
 E. marinus into the areas with most prey, therefore increas-
ing the encounter rates of predator and prey individuals 
and thus the magnitude of the type III response. Second, 
the direction and intensity of a response to predation 
risk may be a function of perceived risk from a number of 
senses (Leduc et  al. 2010). In amphipods, it is known 
that habitats are selected based on complexity which is 
related to vulnerability to predators (Stoner 1980) and, in 
the presence of predator cue, have been shown to increase 
movement and exploratory behaviour in certain perceived 
 ‘ safer ’ sediment types (Baumg ä rtner et  al. 2003). Related 
to this are models of resource acquisition that, where 
increased foraging eff ort does not incur a greater risk of 
mortality from higher order predators, predict higher activ-
ity at higher resource levels (McNamara and Houston 
1994). In addition, the greater parameter values may 
result from an increased alertness to  J. nordmanni prey by 
 E. marinus predators in complex habitat, and this may be 
due to a heightened vigilance resulting from the combina-
tion of the presence of a higher order predator and changes 
in an environmental variable (Brewer et  al. 1999). Whatever 
the behavioural explanation(s) are with regards to the 
present system, however, the presence of predator cue 
leading to higher consumption rates within the type III 
response generated in complex habitats indicates that 
higher-order predators might indeed strengthen the inter-
action of intermediate consumers and their prey popula-
tions, but nevertheless lead to stable dynamics. In simple 
habitats, however, higher-order predators may only reduce 
consumption rates within a type II response, which will 
potentially still be de-stabilising at low prey densities. We 
thus predict that higher order predators cannot impart 
stability in simple habitats, but may potentially lead to 
greater suppression of prey, albeit with stability, in complex 
habitats. 
 Th e occurrence of TMIIs depends on the ability of the 
intermediate predator to detect a higher-order predator. 
Predator detection by prey may occur through a number of 
cues. Th ese may include mechanoreception, where prey 
detect disturbances in their environment such as fl uid 
displacement (Fields and Yen 1997) or visual stimulus, 
whereby prey respond to the sight of a predator and adapt 
their anti-predator response accordingly (Chivers et  al. 
2001). In this study, however, we demonstrated the ability 
of  E. marinus to discriminate between diff erent predator 
diets. Specifi cally,  E. marinus displayed a behavioural 
response by decreasing activity with the addition of cue 
from fi sh fed conspecifi cs and bloodworm. Similar reduc-
tions in activity were also observed with the addition of cue 
from crushed  E. marinus , but there was no such response to 
stimuli from fi sh fed algae, starved fi sh or a seawater con-
trol. By decreasing movement in response to stimuli per-
ceived as high risk,  E. marinus should lower their risk of 
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turbances to reduce the ability of higher-order predator 
detection by  E. marinus (Large et  al 2011). Th is could result 
in less of a reduction in activity of  E. marinus , translating to 
comparatively greater encounter rates with prey, and there-
fore a heightened functional response towards  J. nordmanni . 
Th is may be off set, however, through density mediated 
eff ects whereby  E. marinus is consumed by the higher-order 
predator, therefore releasing  J. nordmanni from such 
predation pressure. Similarly, in complex habitats it may 
be expected that with decreased predator detection due to 
disturbance, a reduction in consumption of  J. nordmanni 
will occur as was observed in the trials where predator cue 
was absent compared to present. Again,  J. nordmanni will 
be released from predation pressure. We consider therefore 
that disturbance aff ecting the ability of  E. marinus to detect 
and respond to higher-order predators may result in more 
dominant direct eff ects which can have diff erent implica-
tions for basal resources as their consumers are reduced in 
number (Abrahams and Kattenfeld 1997). 
 While previous studies of TMIIs have focussed on the 
eff ects of higher-order predators on basal prey resources 
through interactions with intermediate predators and 
their per-capita consumption, there has been less atten-
tion to the consequences for prey population stability. By 
quantifying functional responses in the absence and pres-
ence of predator cue and how habitat complexity alters 
such a predator – prey hierarchy, we have shown there are 
important impacts on prey communities that may pro-
mote population stability or instability. A common criti-
cism often made of experiments such as these performed 
in the laboratory is their relevance to fi eld conditions. 
However, the understanding of foraging behaviours is 
crucial when considering patterns and distributions of 
species in nature (Chapman 2000), with such appropri-
ately controlled and quantifi ed laboratory experiments as 
reported here proving useful in furthering the under-
standing of processes involved in such trait-mediated 
interactions. Th e very nature of the marine intertidal 
environment, however, is one that is both dynamic and 
variable, and it is therefore suggested that future work 
encompasses more of this vari ation in environmental 
 condition that can only improve our understanding of 
such systems. 
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